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The reflection properties of possible suitable structures, for producing small accurately con- 
trolled reflections in rectangular waveguide, are examined and a choice made of cylindrical posts for 
a more detailed study. 

A number of sources of error due to ohmic loss, positioning and shape are investigated, and it is 
shown that both the inductive and capacitive post can meet reasonable specifications, but that the 
latter is the more suitable on almost all counts. Attention to post size and tilt is necessary, but the 
accuracies needed lie well within the range achievable by good engineering practice. 
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List of Principal Symbols 

a rectangular waveguide broad dimension, 

a x , a y unit vectors, 

b rectangular waveguide narrow dimension, 

d post displacement from guide wall, 

j (-D"% 

k wave number in free space, 27r/\, 

k' wave number in waveguide, 2irj\ u * 

r post radius, 

R reflection coefficient, 

T transmission coefficient, 

x series reactance (normalized), 

X parallel reactance (normalized), 

Z post impedance (normalized), 

8, A correction factors due to post conductance 

(see eqs (4) and (12)), 

A free space wavelength, 

\ !f guide wavelength, 

6 post tilt angle, and 

o~ post conductivity. 



1. Introduction 

The aim is to examine structures which can produce 
an accurately determined "standard" reflection in an 
otherwise matched rectangular waveguide. The volt- 
age reflection level required is in the range 0.001 to 
0.01. The structures should be simple and reliable to 
construct, be capable of being accurately calculated, 
and the uncertainties due to the unavoidable errors in 
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assembly should be known within limits which ensure 
adequate maintenance of the expected reflections. 



2. Possible Structures 

There are, of course, an unlimited number of struc- 
tures which could be contemplated for the purpose of 
producing a standard reflection of small magnitude. 
Almost any slight disturbances to the guide will suffice. 
Small perturbations can be accurately calculated, and 
provided they can be reliably made and measured, 
could form the basis of a standard reflection. 

In order to keep this survey within reasonable 
bounds, a suitable selection from the possible forms 
must be made. We shall exclude all dielectric inserts 
on the grounds that, in addition to their geometry, an 
accurate figure for the dielectric constant needs to 
be known over a working temperature range. This 
makes such inserts possibly unsuitable as a standard. 

The shapes which lend themselves readily to both 
calculation and to mechanical construction include 
inductive and capacitive rods and diaphragms. How- 
ever, the diaphragm insert, in addition to requiring 
a correction for its finite thickness, has the complica- 
tion that it contains two sharp edges. Since the sharp- 
ness can never be precisely defined, this makes it 
difficult to estimate errors arising from departures 
from a perfect geometrical form. Moreover, a very 
high current density flows at the sharp edges, making 
a possible loss contribution to be considered. For 
these reasons we will leave out the diaphragms from 
this survey. 

We shall examine the inductive and capacitive rods 
in the next two sections. 
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3. Inductive Rods 

3.1. The Post Reactance 

A rod of radius r is placed across the guide a dis- 
tance d from one (narrow) guide wall as shown in figure 
1. We are interested in small reflections, and therefore 
both d and r will be small. The dominant expression 
for the obstacle reactance X, which is connected with 
the reflection R by R = - 1/(1 +7*2*) is 



2k, 



cosec 2 (m//a){log [(2a/7rr) sin (nd/a)] 



- sin 2 (irdla) ■ (2 + k 2 d 2 l7r 2 ) + k 2 d 2 [ - log (2tt dl a) 

+ 3/2 + 7r 2 d 2 /36a 2 ]} (1) 

This is eq (2.16) l of the publication cited in footnote 1 
and is suitable for use for small d, giving large X and 
hence a small reflection. A more rigorous form is eq 
(2.14) fl] and a numerical calculation may be neces- 
sary in particular cases to confirm that eq (1) is suffi- 
ciently accurate. 

3.2. Errors of Positioning 

As an extremely crude, order of magnitude, approxi- 
mation, eq (1) may be put in the form 



X - Hind/a) 2 



(2) 



which shows that R is proportional to d 2 . An accurate 
placing of the rod is therefore necessary. To give 
R = 0.001, we need d^ a/100. In a 2-in guide this 
gives d=20 mils; and a 1-mil error in placing gives 
rise to a 10 percent error in the reflection. This may 
seem large, though it is actually only a 0.0001 reflec- 
tion, which is likely to be of the same order as effects 
due to other errors in the system. However, it seems 
undesirable to permit a 10 percent error, and either 
a more accurate construction is needed or else an 
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Figure 1. Inductive post. 



alternative structure which is less sensitive to posi- 
tion. (Of course, jig-boring to a much better accuracy 
than 1 mil can be achieved if it is really required.) 
When ^ = 0.01, d is about three times larger, and 
the relative error in reflection is about 3 percent for 
a 1-mil positional error. 

3.3. Post Tilt 

If the post is set at an angle 6 to the normal, the 
effective field at the post is reduced by a factor cos 0, 
while its effect back into the guide is reduced by the 
same amount. An estimate of might be, for example, 
1 mil in 1 in giving 6= 10~ 3 rad, for which cos 2 6 differs 
insignificantly from unity. 

In addition to this effect, a cross-component of 
electric field proportional to sin 6 will introduce a 
capacitive post effect, proportional to both sin 2 6 and 
the square of the post radius. This term is completely 
negligible. 

3.4. Finite Post Radius 

A higher-order correction to eq (1) is given by eq 
(2.43) of footnote 1. For small r and d the fractional 
correction is, very approximately, r 2 /d 2 . Thus if d= 20 
mils in a 2-in guide (to give a 0.001 reflection), the 
percentage error, if the wire radius is 5 mils, is about 
7 percent. For a 0.01 reflection, d in this example is 
about 60 mils and an error of about 1 percent can be 
expected. If these errors are too great to be tolerated 
for a particular application, equation (2.43) should be 
used in preference to eq (1). It may also be desirable 
to use a somewhat larger wire diameter, in which case 
the more accurate formula should definitely be used. 

3.5. Finite Post Resistivity 

In appendix 1 it is shown that the effect of a con- 
ductivity a for the post material leads to the normalized 
impedance of the post, jX, being augmented to 

Z=(l+f)k'al[87rkr sin 2 (7rd/a)(30\o-) 1/2 ]+/lY (3) 

Since X = 0(\) I sin 2 (irdl a) , the fractional correction 
due to finite conductivity can be estimated from the 
expression 



A = £'a/87r/tr(30Ao-) 1/2 



(4) 



1 Lewin, L., Advanced Theory of Waveguides, pp. 26, 27, 35, 44, and 77 (Iliffe and So 
Ltd., London, 1951). 



As an example to show the order of magnitude, take 
r=l mm, a = S cm, \ = 7.5 cm, cr = 5.10 5 mho/cm. 

Then A — 10 -4 , and the effect is completely negli- 
gible. The post radius would have to be quite minute for 
an effect to show up. 



3.6. Conclusions for Inductive Post 

Of the four possible causes of error considered, the 
effects of tilt and post resistivity are negligible. The 
corrected formula (2.43) (see footnote 1) for finite 
post radius should probably be used, in which case, 
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no error should occur from this source. Due to the 
rapid rise of the reflection as the post moves away from 
the side wall, a very accurate positioning is needed, 
but this should he within the hounds of good engineer- 
ing practice. A possible further source of error can 
come from the contact where the post meets the guide. 
If this is soldered, the quality of the contact may not 
be known for certain, and possible further effects due 
to the extrusion of solder into the guide may occur. 
The latter may be avoided by using a technique in 
which the rods are very slightly oversize, are shrunk 
in liquid nitrogen, and then allowed to expand in situ. 
The uncertain effect of the contact resistance remains, 
however. 

It is concluded that the inductive post is a possible 
but not ideal solution to the problem. 

4. Capacitive Rods 

4.1. The Post Reactance 

Equations (2.74) and (2.75) (see footnote 1) give the 
series and parallel components of the equivalent cir- 
cuit. (Note that k must be replaced by k'.) The formulas 
contain correction terms due- to the finite post radius. 
Ignoring these for the moment, we have two equal 
series arms of normalized reactance magnitude 



x = — Tvk'f 1 l2b 
and a parallel arm of magnitude 



(5) 



<P(d) — sin (rrdlu), the form of the dominant waveguide 
mode. 

In the present case, the dominant mode is unvarying 
with d, since it is constant across the guide. Except 
for proximity effects when d is very small, there is no 
other variation. Hence, for a central post (and there 
seems no point in taking it off center), no errors of 
positioning need be expected. 

4.3. Errors of Radius 

Since R^r 2 , we have, for small errors 6Y, t)R 



8R/R = 26>/r. 



(9) 



An error of 1 mil in a 25 mil radius post gives a 4 
percent reflection error. Since rods can certainly be 
turned to a much greater accuracy than this, errors 
due to incorrect post diameters can certainly be made 
negligible. 

4.4. Finite Post Radius 

The correction terms to eqs (5), (6), and (8) are of 
relative order (A ;'r) 2 , or about 1 percent. This is probably 
negligible, but resort to the exact formulae in any 
particular case will give the correct reflection. 



4.5. Finite Post Conductivity 

As with the inductive post, the effect 
practical size is completely negligible. 



on rods of 



X = -bl(27rk'r 2 ) 



(6) 



The reflection and transmission coefficients are given 
by 



jx = (l + R-T)/(l-R + T) 
j(X + h) = -i+Va-T-R) 

To terms in order /*- this gives 

R^j[x+H(2X)]=-j37Tk'r 2 l2b 



(7) 



(8) 



4.6. Post Tilt 

If the post is tilted at an angle 0, as shown in figure 2, 
a component of electric field proportional to sin 6 is 
set up along the post. This will excite the post as if 
it were in the inductive position, giving rise to a post 
current which will reradiate back into the guide by an 
amount containing a further factor sin 0. The analysis 
is given in appendix 2, where it is shown that an ap- 
proximation to the reflection is 



8R = 7rkb sin 2 6/[(k'b) 2 log (77/726)]. 



(10) 



For example, if b — 2.5 cm, X = 7.5 cm, then r — 1 mm 
for a reflection of 0.01, and corresponding values pro- 
portional to r 2 for different radii. 

4.2. Errors of Positioning 

The formula quoted is for a central post, and there- 
fore cannot be used for estimating positional errors. 
On general grounds, however, it can be said that if an 
obstacle is placed at a position d where the relevant 
mode has a magnitude 0(r/), then the variation of the 
reflection with d will involve <& 2 {d) as the dominant 
effect. This can be seen from eq (1), for example, where 
the factor cosec 2 {Trd/a) in the reactance (which is in- 
verted for the reflection coefficient) comes from 




Figure 2. Tilted capacitive post. 
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If we take 6 = 2.5 cm, r—l mm, A. = 7.5 cm, then 



the post, instead of being E = becomes 



8R = - sin 2 6 



(H) 



£ = /(30/\o-)" 2 (f+./)/r = /8, 



(12) 



An estimate of 6 might be 2-mils error in 2 in, 6— 10 _: * 
radian and 8R = — 10~ 6 , and is only 0.1 percent of a 
reflection 0.001. We can therefore conclude that the 
effect of tilt can be made negligible. 

4.7. Conclusions for Capacitive Post 

Of the five possible causes of error, the effects of 
positioning and finite conductivity are completely 
negligible, while the effects of tilt, though potentially 
harmful, can be completely avoided by the achieve- 
ment of the accuracy accompanying good engineering 
practice. The second-order corrections to the formulas, 
as given (see footnote 1), though probably negligible, 
can be readily calculated and allowed for. 

The remaining source of error lies in the possible 
errors in machining the post diameter to size. The 
example used a 1-mil error in a 25-mil radius post, 
but it should be possible to achieve an order of mag- 
nitude better if it is really needed. 

A possible source of error due to the post buckling 
has not been investigated, since this should not occur 
with a well engineered design. However, the axial 
(inductive post) effect should cancel to a first order 
for a symmetrical buckling, while the displacement 
effect should also be quite negligible. 

Since no axial current flows in the capacitive post, 
the condition of the soldering at the ends seems to be a 
minor factor. The shrink-on process should be ideal 
here, though it would be as well to take precautions 
against buckling during the final expansion. 

It is concluded that the capacitive post has all the 
requirements of a suitable low-reflecting obstacle — 
ease of accurate manufacture, absence of effects of 
positioning or other undesirable geometrical factors, 
absence of severe contact effects, and a fairly straight- 
forward formula for the reflection. It also has the con- 
siderable advantage that undesirable higher-order 
modes are rapidly attenuated along the guide. 



5. Conclusions 

It is concluded that the central capacitive post is 
an almost ideal solution to the problem of achieving 
standard reflections in the 0.01 to 0.001 range, or, for 
that matter, over a more extended range. 



This study was undertaken under the sponsorship 
of the Radio .Standards Laboratory of the National 
Bureau of Standards. 



(see eq (4.2) see footnote 1). 
Instead of (2.10) we get 



/= sin (irdla) 



8 + (607TJk/a) 

cos (mirr/a) — cos (2mirdla)\ 



Accordingly, the post impedance becomes 
Z=jX + a8k' cosec 2 (irdla)l2Mhrk 



(13) 



(14) 



where jX is the reactance for infinite conductivity. 
Equation (4) of the text follows directly. 



7. Appendix 2. Effect of Tilt on Capacitive 

Post 

We assume a capacitive post located across the 
guide at y=d, the guide being excited by a dominant 
mode of form Eq sin (7rxla)ay at the post. If the post 
is tilted at a small angle from the perpendicular, a 
component of field will be produced along the post, of 
magnitude 



Eq sin 6 sin (7rx/a)ax 



(15) 



This will cause radiation into the guide much as if 
the post were in the inductive position. We assume the 
field sets up a post current 



i = I sin (7Tx/a)8{z)8(y— d) 



(16) 



where / is a magnitude to be determined. The Hertzian 
vector has an x-component Yl x satisfying 

V 2 IL. -f k 2 U x = (12077/7 A-)/ sin (nxla)8(z)8(y- d) (17) 

Assume 11^ = 11 sin (ttx/o) where 11 is independent 
of x. Since E = grad div (aj.IIj.)-h k 2 a x Il x we get, for the 
^-component of E, the equation E x = k' 2 U x , while 

V 2 + k 2 s d 2 /dy 2 + d 2 /dz 2 + k' 1 . Hence 



(d 2 ldy 2 + d 2 /dz 2 + k' 2 )E x 

= (l207TJk' 2 lk)I8(z)8(y-d)sm (ml a) 



(18) 



The solution to this equation is obtained as in ref- 
erence [1], p. 25, giving 



6. Appendix 1 . Effect of Finite Post Conductivity E x = ( -jl207rk' 2 lkb)I sin (ml a) 



The calculation proceeds almost exactly as stated 
in footnote 1 except that the boundary condition at 



2 si 



sin 



m7T( 



. ( m7ry \ e- T m\*\ 

sin {—) Tv" (19) 
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where T m = (m 2 7r 2 lb 2 — k' 2 ) 112 . Equating this to the of the electric field is (-6()tt//>)/ sin 6. Inserting for 

negative of the exciting field (eq 15) at y=d+r de- / from (20) gives the reflection due to the tilt 
termines / to give zero axial tangential field at the . 

post surface. g/j 



tilt — x | 

E {) sin kb * 1 *' 2 2 f~ [ cos ( m7rr l b ) ~ (,()S (2m7rd/6)] 



i 



/= — 77; — TT5 — y "F - [cos (mirr/b) —cos (2m7rdlb)] 

607T/A- - ^ I „, (21) 

(20) 

Taking d=b/2, this formula can be put in the approxi- 
This current flows along the post, i.e., in the x direc- mate form, suitable for small r, 
tion. Due to the post tilt, a component / sin 6 reradiates 

back with polarization in the y direction. The formula ^„ it sin 2 6 (kb) 

for this radiation is given by eq (2.48) (see footnote 1), ^tiit~ (£'j)2 i og (^r^b) UZ) 

in which the dipole strength M is taken equal to 

{—\207TJlkb)I sin 0. The dominant mode reradiated winch is eq (10) of the text, 
back into the guide comes from the first term in the 
series of modes of eq (2.48), from which the magnitude (Paper 72C3-277) 
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